Standard algal growth rate inhibition bioassays can lack environmental realism and may over-or underestimate metal bioavailability in natural systems. In aquatic environments, algal species interact with other biota, including other algae, bacteria and biofilms. In this work, the feasibility of incorporating marine biofilms into 72h algal growth inhibition toxicity tests was explored. The effects of copper on Tetraselmis sp. were tested in the absence and presence of characterised field-collected biofilms. We hypothesised that the addition of biofilm would prevent copper toxicity to the alga primarily through interactions of the metal with other cells and biofilm exudates. The sensitivity of Tetraselmis sp. to copper (based on 72h IC 50 values; the copper concentration to inhibit population growth by 50%) in the presence of a blended biofilm inoculum varied 2-fold and was independent of the amount of biofilm added. However, increases in IC 10 and IC 20 values indicated some amelioration of copper toxicity. When intact biofilms were added to the bioassays, amelioration of toxicity was more consistent, probably due to increased binding of copper to cell surfaces or exudates. Difficulties in characterising biofilms and distinguishing that material from the test alga need to be overcome before biofilms can be routinely incorporated into laboratory bioassays. by 50%) in the presence of a blended biofilm inoculum varied two-fold and was 31
Introduction 39
Biofilms (or periphyton in freshwater systems) are an integral part of aquatic systems. In 40 combination with planktonic algae, they form the basis of the food chain and are of 41 particular importance for grazers (Barranguet et al. 2003 (Barranguet et al. , 2005 Zippel and Neu 2005) . A 42 biofilm is a community of microorganisms, and their associated extracellular products, 43 growing on a living or non-living substrate. The microorganisms may be heterotrophic or 44 autotrophic and can include bacteria, algae, fungi or protozoa (Palmer and White 1997) . 45 Biofilms and periphyton represent useful biomonitors of pollution because they are sessile, 46 have short generation times, are species-rich and may accumulate contaminants over time 47 chambers with grooves to fit ten glass microscope slides (76.2 × 25.4 × 1.0 mm plain 141 unfrosted pathology grade slides), secured using fishing line. Multiple periphytometers 142 were attached to a polypropylene rack and the rack suspended from a buoy, 50 m from 143 shore, at a depth of 2 m. After 12 days, the periphytometers were collected, placed in a 144 clean container filled with site seawater and transported back to the laboratory on ice. 145 146 Two 2-L Nalgene containers were filled with seawater and returned to the laboratory on 147 ice. The seawater was immediately filter-sterilised (0.2 µm). This water was used to 148 prepare the biofilm homogenate and for blanks in subsequent analyses. 149
150

Harvesting the biofilm 151
Biofilm material was harvested into a homogenate on the day of collection. The term 152 homogenate is used, but in reality the biofilm is a heterogeneous entity and processing it in 153 this way is unlikely to create a truly homogenous inoculum. The material on the slides was 154 scraped into a sterile container using a Teflon-coated stainless steel blade. One mL of 155 filter-sterilised seawater was used to rinse the slides. In winter, material from 59 slides was 156 combined (0.237 m 2 harvested; surface area based on number of slides and a surface area 157 of 0.004 m 2 per slide). In spring, material from 60 slides was harvested (0.241 m 2 ). In 158 addition, several slides were retained intact and placed in sterile centrifuge tubes 159 containing filter-sterilised seawater. Some slides were stored overnight (4°C, dark) for use 160 in whole-slide toxicity tests. Other slides were sent on ice to CSIRO Land and Water in 161 Urrbrae where they were frozen in the dark at -80°C for later DNA analysis. 162
163
The pooled biofilm material was blended using a laboratory blender (19000 rpm, 500 W 164 multi-speed X10/25 fitted with a 6-mm microshaft, Ystral, Ballrechten-Dottingen, 165
Germany) then sonicated (3 × 30 s) in an ultrasonic bath (UniSonics, Manly Vale, NSW, 166 Australia). Sub-samples of homogenate for initial cell counts were analysed immediately. 167
Triplicate subsamples for chlorophyll a analyses were stored overnight (4°C, dark) and 168 analysed the following day. 169
170
Characterisation of the biofilm 171
Characterisation of biofilm material from the winter and spring collections included 172 particle and fluorescent cell counts, chlorophyll a content and analysis of bacterial DNA 173 including denaturing gel gradient electrophoresis (DGGE) and community fingerprinting. Denaturing Gradient Gel Electrophoresis (PCR-DGGE) (Muyzer et al. 1993 ) was used to 204 visualise changes in the bacterial community structure as per Wakelin et al. (2008) . PCR 205 products (2 µL) were electrophoretically separated in 1.5% agarose gels, stained with 206 ethidium bromide (0.5 µg mL -1 ), and visualised under UV light to check for single-banding 207 or success of the PCR process. The remaining PCR products were used for DGGE 208 analysis. Each band on the gel represents a distinct operational taxonomic unit (i.e. a 209 phylotype of an individual bacterial species). The relative intensity of the band is used to 210 assess abundance. DGGE-band intensity data was down-weighted using a square-root 211 transformation, then the similarity of winter and spring communities was compared using 212 analysis of Bray-Curtis similarities (ANOSIM) (Clarke 1993 
Algal culture 228
The marine microalga Tetraselmis sp. was cultured as previously reported (Levy et al. 229 2008) . Preliminary experiments showed that this alga could easily be distinguished from 230 marine biofilm material using flow cytometry due to its higher chlorophyll a fluorescence 231 (FL3 parameter) and larger forward scatter (FSC) compared to the fluorescent bacterial and 232 algal species present in biofilms collected from Bass Point (Figure 1) . 233
234
Growth rate inhibition bioassays 235
Growth rate inhibition bioassays were used to assess the chronic toxicity of copper to 236
Tetraselmis sp. and were prepared as described previously (Levy et al. 2008 Table 1 and counted daily to permit adjustment for background particle counts. The growth rate 269 and the 72-h IC10, IC20 and IC50 concentrations were calculated as previously described 270 (Levy et al. 2008) . 271
272
Copper analyses 273
Copper was analysed by inductively coupled plasma-atomic emission spectroscopy (ICP-274 AES). Copper concentrations were calculated from a matrix-matched calibration curve 275 (clean seawater acidified with 0.2% HNO 3 ) using serial dilution of a mixed metal standard 276 (QCD Analysts, Eaglewood, FL, USA) and a drift standard incorporated into the analysis 277 procedure. The detection limit for copper was typically ≤ 2 µg L -1 . Initial copper 278 concentrations were used in all toxicity calculations. 279
280
Statistical analyses 281
Comparisons of biofilm cell counts and pigment content were done using Student's t-tests 282 or one-way analyses of variance (ANOVA), respectively (α < 0.05), in the statistical 283 package SPSS (SPSS, Version 14.0 for Windows), following testing for equal variance 284 using Levene's test. As previously described, the PCR-DGGE data was analysed using 285
Primer 6. The Shapiro-Wilks test for normality and the Bartlett test for equal variance were 286 used to initially assess the toxicity data (ToxCalc, Version 5.0.23 C). Linear interpolation 287 was then used to calculate IC10, IC20 and IC50 values, and their 95% confidence 288 intervals. IC50 values were compared using the method of Sprague and Fogels (1976) to 289 test for differences in toxic effects. Non-linear regression was used to fit a 4-parameter 290 sigmoidal curve to each data set using SigmaPlot 8.0, with R 2 values giving the goodness 291 of fit. 292
293
Results
294
Comparison of winter and spring biofilms: Cell density and chlorophyll a 295
Spring biofilms colonising slides were observably thicker and had higher cell counts and 296 chlorophyll a concentrations than biofilms collected in winter (Figure 2 ). In winter, the 297 average (± standard error) initial cell density was 3.9 (± 0.3) × 10 9 fluorescent cells m -2 and 298 140 (± 10) × 10 9 total cells m -2
. In spring, cell numbers were significantly higher (t tests organisms. However, the most highly related sequences were most homologous to those 330 found during a survey of marine bacteria in the Salton Sea, a saline lake in California (e.g. 331 accession EU592368.1) (Dillon et al. 2009 ). In spring, the biofilm community was more 332 diverse ( Figure 3c ). Although gammaproteobacteria were present, they were classified in 333 the family Vibrionaceae. The majority of isolates were of Verrucomicrobia origin; all were 334 assigned to the Verrucomicrobiales order, but further classification was hampered by both 335 the partial 16S rRNA gene fragments and the relative lack of information on 336
Verrucomicrobia sequence taxonomy (it is a recently described phylum). 337 338
Growth-rate inhibition tests with biofilm as a homogenate 339
For Tetraselmis sp. alone (i.e. no added biofilm) at initial cell densities of 1.5 × 10 4 cells 340 mL -1 , the control growth rates ranged from 1.10 ± 0.08 to 1.42 ± 0.06 doublings day -1 . 341
Control growth rates over 72 h were similar at all initial cell densities from 1.5 to 4.5 × 10 4 342 cells mL -1 ( 
Growth-rate inhibition tests with biofilms attached to slides 391
The growth of Tetraselmis sp. was measured over 72 h in two bioassays where whole 392 attached biofilms were added to test solutions (Table 2 ). These bioassays used slides from 393 the winter colonisation period. Addition of a washed slide, free of biofilm, as a control, did 394 not affect the growth of Tetraselmis sp., either in the presence or absence of 100 µg Cu L -1 . 395
Addition of biofilm slides to copper-free solutions increased the Tetraselmis sp. control 396 growth rate from 1.34 ± 0.02 to 1.46 ± 0.02 doublings day -1 in the first test and from 1.24 ± 397 0.04 to 1.56 ± 0.03 doublings day -1 in the second test. 398
399
In the first test, the growth rate of Tetraselmis sp. cells exposed to copper (percentage of 400 control growth rates) increased from 47 ± 2% in the absence of biofilms to 89 ± 8% in the 401 presence of biofilms (Table 2 ). In the second test, the values increased from 29 ± 1% 402 (biofilm-absent) to 80 ± 4% (biofilm-present), i.e. partial amelioration of toxicity was 403 occurring (Table 2) . In these tests, some cells detached from the biofilm and began to grow 404 in the test solution. As discussed for the homogenate tests, these were small centric diatom 405 species, although other species were also present in smaller numbers. When Tetraselmis 406 sp. was absent, the growth rate and yield of this biofilm alga in solution was much higher 407 
Seasonal differences in the biofilm 413
The substantial increase in biofilm cell density, pigment concentrations, bacterial 414 community diversity and bacterial abundance (over a 10-d colonisation period) was 415 expected in the spring samples when the increased light incidence, potential nutrient 416 upwelling and higher water temperatures promote a peak in primary production. 417
Temperature has been shown to influence biofilm productivity, with higher growth rates 418 for bacteria and algae at higher temperatures (Rodgers et al. 1979 and minimal nutrient test media) has been shown to ameliorate the toxicity of cadmium, 447 zinc, copper and lead to the green alga Pseudokirchneriella subcapitata (Koukal et al. 448 2007) . This was likely due to decreases in the free ionic metal in solution due to binding to 449 exudates or due to specific interactions between the exudates and algal cells that altered 450 metal uptake (Koukal et al. 2007) . Barranguet et al. (2000) found that field-isolated species 451 grown as mono-specific biofilms (diatoms, cyanobacteria) were less sensitive to toxicants 452 than their planktonic forms, and that natural biofilms were more tolerant than the 453 laboratory-produced mono-specific biofilms (derived from those natural biofilms). The 454 decrease in toxicity of metals to algae in biofilms may partially be due to the higher pH in The addition of biofilms to growth rate inhibition bioassays provided some amelioration of 496 copper toxicity to the laboratory-cultured species (Tetraselmis sp.), effectively increasing 497 both IC10 and IC20 values. However, increases in the 72-h IC50 values were not always 498 significant, suggesting that at higher copper concentrations the protective effects of the 499 biofilm were overcome, possibly due to saturation of binding sites within the biofilm. 500
When whole biofilms attached to slides rather than as a homogenate were added to tests, 501 there was significant amelioration of toxicity at copper exposures of 100 µg Cu L -1 . Further 502 work is required to determine if the amelioration of toxicity by the addition of biofilm is 503 due to abiotic factors influencing copper speciation, e.g. an increase in sorption to inactive 504 binding sites due to a greater surface area, or due to specific biotic factors. Importantly, the 505 results indicate that laboratory-based algal bioassays have the potential to over-estimate 506 copper toxicity when compared to field conditions where biofilms may be present. 
